We define the target, mechanism, and structural basis of inhibition of bacterial RNA polymerase (RNAP) by the tetramic acid antibiotic streptolydigin (Stl). Stl binds to a site adjacent to but not overlapping the RNAP active center and stabilizes an RNAP-active-center conformational state with a straight-bridge helix. The results provide direct support for the proposals that alternative straight-bridge-helix and bent-bridge-helix RNAP-active-center conformations exist and that cycling between straight-bridge-helix and bent-bridgehelix RNAP-active-center conformations is required for RNAP function. The results set bounds on models for RNAP function and suggest strategies for design of novel antibacterial agents.
Introduction

RNA polymerase (RNAP) is the enzyme responsible for
To define systematically the determinants for function of Stl, we performed saturation mutagenesis of the genes encoding the RNAP β and β# subunits and isolated and characterized additional Stl r mutants. We performed saturation mutagenesis using a set of 20 "doped" oligodeoxyribonucleotide primers-designed to introduce all possible nucleotide substitutions at all codons for residues that are solvent exposed and located within 20 Å of the previously reported Stl r substitutions (see Table S1 in the Supplemental Data available with this article online). We isolated 72 independent Stl R mutants (Table S2) Figures 1A and 1B) . Most Stl R substitutions affect residues that are conserved in bacterial RNAP but are not conserved in eukaryotic RNAPI, RNAPII, and RNAPIII, consistent with the known specificity of Stl for bacterial RNAP ( Figures 1A and 1B) . Each Stl R mutant is able to complement a corresponding temperature-sensitive mutant for growth at the nonpermissive temperature, indicating that each Stl R RNAP derivative is functional in transcription-sufficiently functional to support viability (Table 1) ). We infer that the determinant represents, at least in part, the binding site for Stl (as opposed to an allosteric determinant required for function but not for binding).
Effects of Stl on RNAP Translocational State
The fact that Stl inhibits initiation, elongation, and pyrophosphorolysis (the reverse reaction of nucleotide addition) (Siddhikol et al., 1969; Cassani et al., 1971; McClure, 1980) suggests that Stl inhibits a reaction common to these three processes: i.e., phosphodiester-bond formation/breakage or RNAP translocation. To assess effects of Stl on RNAP translocational state, we performed exonuclease-III DNA-footprinting experi- ) 72 ( Table 1 ).
Structural Basis of Inhibition by Stl: Interactions with RNAP and Modeled Interactions with Transcription Elongation Complex
To define the structural basis of inhibition by Stl, we have determined the crystal structure of Thermus thermophilus RNAP holoenzyme in complex with Stl at 3.0 Å resolution (Table 2, Stl contacts or is close to the majority of residues at which high-level Stl R substitutions are obtained and for which ordered density is observed in the structure (Figures 3C and 5C ). We infer that these residues represent a binding subdeterminant for Stl ( Figure 5C ). Stl is remote from two residues at which high-level Stl R substitutions are obtained and for which ordered density is observed: β# residues 791 and 793. We infer that these residues represent an allosteric functional subdeterminant for Stl ( Figure 5C ).
Main chain and side chain atoms of β residues 543, 544, and 545 are located directly adjacent to the C4-C7 atoms and the C15 and C16 methyl groups of the streptolol moiety of Stl (atoms of Stl numbered as in Lee and Rinehart [1980] ; Figure 3A) . Main chain atoms of β# residues 784 and 787 and side chain atoms of β# residue 788 are located directly adjacent to the C10 and C11 atoms and the C12-C18 epoxide group of the streptolol moiety of Stl. Side chain atoms of β# residue 1139 are located directly adjacent to the C2$ and C3$ atoms of the six-membered ring pendant from the tetramic-acid moiety of Stl. Stl R substitutions at these positions (Table 1 (Figures 5B and 5C ). We conclude that Stl stabilizes an RNAP-active-center conformational state having a straight-bridge helix. Strikingly, the residues inferred to represent an allosteric subdeterminant for Stl, β# residues 791 and 793, are located at the site at which the bridge helix bends and make distinct interactions in straight-bridge-helix and bent-bridge-helix conformational states ("hinge residues"; Figure 5C ). Also, strikingly, both Stl R substitutions obtained within this subdeterminant are substitutions expected to disfavor the straight state relative to the bent state: the β# Ala791/Gly substitution is predicted to decrease helical propensity (Chou and Fasman, 1974) and thus is expected to disfavor the straight state; the β# Ser793/Phe substitution is predicted to introduce steric clash with trigger-loop residues in the straight state and thus is expected to disfavor the straight state. We conclude that Stl binding and/ or Stl function requires an RNAP-active-center conformational state having a straight-bridge helix.
Our results are consistent with two alternative hypotheses. According to the first hypothesis, Stl binds to an RNAP-active-center conformational state having a straight-bridge helix and corresponding specific trigger-loop conformation, and Stl inhibits RNAP function by trapping the RNAP active center in this conformational state, thereby interfering with conformational cycling important for RNAP function. According to the second hypothesis, Stl binds to and favors an RNAPactive-center conformational state having a straightbridge helix and corresponding specific trigger-loop conformation, but Stl inhibits RNAP function by another mechanism (e.g., direct, steric interference with nucleic acid preventing translocation, or non-bridge-helix- 325-335, 336-346, 425-429, 726-740,  741-754, 775-790, 791-799, 922-933, 1133-1137, 1138-1146 , 1147-1152, and 1239-1248 of the rpoC gene of plasmid pRL663 was synthesized on an AB392 automated synthesizer (Applied Biosystems) using solid-phase β-cyanoethylphosphoramidite chemistry (sequences in Table S1 ). The level of "doping" (nucleotide misincorporation) was selected to yield an average of 0.4-1 substi-tution(s) per molecule of oligodeoxyribonucleotide primer (equations in Hermes et al. [1989, 1990] ). Thus, the nucleotides corresponding to codons 443-447 and 542-649 of rpoB, and 424-429, 1133-1137, and 1147-1152 of rpoC were synthesized using phosphoramidite reservoirs containing 92% of the correct phosphoramidite and 8% of a 1:1:1:1 mix of dA, dC, dG, and dT phosphoramidites (i.e., 94% total correct phosphoramidite and 6% total incorrect phosphoramidite). The nucleotides corresponding to co- dons 158-165, 166-173, 512-522, 523-532, 535-541, and 563-573  of rpoB; and codons 325-335, 336-346, 726-740, 741-754, 775-790, 791-799, 922-933, 1138-1146, and 1239-1248 of the rpoC were synthesized using phosphoramidite reservoirs containing 98% of the correct phosphoramidite and 2% of a 1:1:1:1 mix of dA, dC, dG, and dT phosphoramidites, i.e., 98.5% total correct phosphoramidite and 1.5% total incorrect phosphoramidite. All other nucleotides were synthesized using phosphoramidite reservoirs containing 100% of the correct phosphoramidite. Primer-extension mutagenesis reactions were performed using the QuikChange SiteDirected Mutagenesis Kit (Stratagene) with a doped oligodeoxyribonucleotide primer, a complementary wild-type oligodeoxyribonucleotide primer, and pRL706 or pRL663 as template (primers at 75 nM; all other components at concentrations as specified by the manufacturer). Mutagenized plasmid DNA was introduced by transformation into strain XL1-Blue (hsdR17 recA1 endA1 relA1 gyrA96 lac thi supE44 [F# proAB lacI (Table 2 ). Successive rounds of detwinning, as prescribed in Yeates (1997) and implemented in CNS, resulted in considerable density-map improvement and permitted unambiguous fitting of Stl into maps calculated from density modification using DM, model refinement using CNS, and solvent flipping using CNS following model refinement. Analogous procedures were used to refine the RNAP data set.
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